Since nobody has witnessed the arrival of early plant colonists on isolated islands, the actual long-distance dispersal (hereafter LDD) has historically been a matter of speculation. In the present study, we off er a new approach that evaluates whether particular syndromes for LDD (i.e. the set of traits related to diaspore dispersal by animals, wind and sea currents) have been favourable in the natural colonization of the Gal á pagos Islands by plants. Dispersal syndromes of the 251 native genera (509 angiosperm species) presently acknowledged as native were carefully studied, combining data from fl oristic lists of the Gal á pagos Islands, diaspore traits, characteristics of continental relatives and our own observations. We used these genera (and occasionally infrageneric groups) as the working units to infer the number of introductions and colonists. A fi nal number of native plants was inferred and analysed after correcting by pollen records of six species from six genera previously considered exotic (palaeobotanical correction). Th e number of early colonists was also corrected by incorporating information from the few ( n ϭ 12) phylogenetic studies of genera from both the Gal á pagos Islands and the Americas (phylogenetic correction). A total of 372 colonization events were inferred for the native fl ora using the latest check-list. Th e proportions of native colonists grouped into fi ve categories were: endozoochory 16.4%, epizoochory 15.7%, hydrochory 18.6%, anemochory 13.3%, and unassisted diaspores 36.0%. Th ese fi gures did not vary signifi cantly on analysing only the 99 genera that include endemic species in order to rule out any human-mediated introductions. Irrespective of the roles of the diff erent agents involved in LDD, diaspores with no special syndrome for LDD (unassisted diapores), such as many dry fruits, have been successful in reaching and colonizing the Gal á pagos archipelago. Th is fi nding leads us to suggest that unpredictable and so far unknown LDD mechanisms should be further considered in the theory of island biogeography.
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Islands are ideal models to study long-distance plant dispersal (hereafter LDD) (Gillespie and Clague 2009 ). Seed dispersal is often the fi rst step for plants to colonize new territories and thus is crucial to understanding species composition, range expansion and genetic structure (Cain et al. 2000 , Nathan 2006 ). Traditionally, taxonomic and fl oristic data have provided the basic tool to infer the geographic origin of fl owering plants on oceanic islands (Hooker 1847 , Carlquist 1967 , MacArthur and Wilson 1967 . Given their relatively recent origin from the sea-fl oor in comparison to continental areas, researchers have focused on the biogeography of LDD events in oceanic islands. Th e number of taxa (mainly genera) has been widely used to estimate the number of colonization events. In addition, description of the vegetative and diaspore structures of plants has aided in categorising them into four main groups of diaspores related to dispersal by: wind (anemochory), water (hydrochory), internally by animals (endozoochory), and externally by animals (epizoochory) (Carlquist 1967) . Th e lure of reconstructing the colonization history of each archipelago has led scholars to infer, and often speculate, about actual vectors responsible for the presence of plant groups on remote oceanic islands. Wagner et al. (1990) calculated for the Hawaiian fl ora that the ca 1000 native species arose from 270-280 colonists. According to Carlquist (1967) , Hawaiian colonists were dispersed by birds (73%), oceanic drift (23%) and wind (4%). For the Gal á pagos fl ora (436 native species), Porter (1983) also suggested that a large proportion (60%) of all fl owering plants had been introduced by birds, a lower fraction by wind (31%), and the rest by ocean drift (9%).
Which dispersal agent was responsible for the presence of a plant group in an archipelago is a matter of speculation, because fruits and seeds may have arrived on an island by unpredictable means (Higgins et al. 2003) . Rather than speculating on the colonization vector, a more testable exercise would be to evaluate the relative presence of diff erent plant dispersal syndromes occurring on islands, regardless of how the fi rst propagules actually arrived (Vargas 2007) . Previous authors, however, claimed for a high number of seeds accidentally introduced by mud adherence (41 colonists) for the Gal á pagos Islands (Porter 1983) , even if there is no solid evidence for such events. Direct observations of the arrival of new diaspores are unlikely and inferences of means of dispersal used by early founders cannot be reliably tested. In contrast, the contribution of various dispersal syndromes of plants that have colonized remote archipelagos (like the Gal á pagos) can be estimated.
In order to correctly assess whether the four LDD syndromes have been favourable in the natural colonization of oceanic islands, it is necessary to control for some factors obscuring correct inferences. Th e most confounding factor is colonization by plants brought by humans and therefore not attributable to natural dispersal. Th e Gal á pagos have been continuously colonized since their formation (subaerial volcanic rocks of Ͻ 6 Ma, Geist 1996) . Th is period is considered long enough for the islands to receive natural introductions that may have diff ered into morphological varieties (endemic taxa). Th us, the endemic (and then native) status of these taxa is simply identifi ed using morphological characters. For non-endemic taxa, natural vs human-mediated introductions are often diffi cult to tell apart (Tye 2006) . Nevertheless, pollen records predating the fi rst human arrival (1535) can help determine natural introductions (van Leeuwen et al. 2008) .
Th e appropriate unit to test the success of LDD syndromes is the number of colonizations itself, which is unknown. Initial working units for the number of introductions are genera, assuming an independent origin for each. However, a single genus can be the result of more than one introduction, particularly large genera including infrageneric taxa. Th erefore, multiple dispersal events from the same plant group (genus, subgenus, species, lineage) may greatly increase the number of successful dispersal events undetected by morphology. In addition to morphological inferences, phylogenetic and phylogeographic methods are essential tools at the species and population levels, inasmuch as they provide precise reconstructions of lineage relationships for Gal á pagos and continental plants (Andrus et al. 2009 ). In particular, phylogenetic methods aid in evaluating the number of colonization events (testing monophyletic groups), geographical sources of origin (inferring sister-group relationships) and shifts of ancestral syndrome morphologies related to LDD (reconstructing ancestral characters) (Vargas 2007) . On the other hand, phylogeographic methods allow us to determine the unique genotypes of particular areas (endemic genotypes), which equally support the native origin of populations followed by genetic diff erentiation (Avise 2009) .
Th e specifi c objectives addressed in this paper were to: 1) review the literature of fl oristic data, including those distinguishing between native and introduced fl oras; 2) perform a categorization of the LDD syndromes of native plant groups using results from previous studies complemented with our own in situ observations; 3) analyse the distribution of the four LDD syndromes across the native and endemic fl oras. Th e ultimate goal was to evaluate the frequency of diff erent dispersal syndromes in the Gal á pagos native fl ora.
Materials and methods

Number of colonization events
A full list of native plant genera of angiosperms from the Gal á pagos Islands was taken from an annotated checklist of angiosperms by Lawesson et al. (1987) . An additional fl oristic list (Porter 1983 ) was also analysed for comparison. Floristic data were systematically evaluated along the following complementary steps: 1) we used genera as operational starting units (Table 1) ; 2) only native taxa indicated in fl oristic studies were considered; 3) the initial list of the native species was amended according to recent palaeobotanical evidence (palaeobotanical correction); 4) more than one ancestor was adopted for genera containing multiple taxonomic groups (subgenera, sections, subsections); and 5) the inferred number of original colonists was corrected by phylogenetic evidence (phylogenetic correction), in which each independent, monophyletic group accounts for a single origin (Table 2 ). Fossil records and phylogenetic reconstructions (including phylogeography) are two powerful tools to inform hypotheses of island colonization. We used published fi ndings of fossil pollen and plant remains preserved in sedimentary deposits to adjust previous assumptions of nativeness of the Gal á pagos plants ( van Leeuwen et al. 2008) . We assume that every single Gal á pagos lineage originates from a mainland lineage. A minimal number of introductions can, however, be inferred from phylogenetic and phylogeographic topologies as long as a signifi cant sample from the Gal á pagos and the mainland is provided: 1) a monophyletic group only involving island species of the same plant group indicates a single colonization;
2) two or more independent clades of the same genus (i.e. unrelated species) are interpreted as the arrival of two or more colonists from diff erent mainland lineages;
3) two or more independent clades of the same species (i.e. unrelated individuals) are interpreted as the arrival of two or more colonists from diff erent mainland lineages. Accordingly, the number of inferred colonizations was re-assessed by considering the most recent common ancestors of each Gal á pagos and mainland groups, for which clade topologies were used to correct the number of colonists (Vargas 2007) .
We followed previous approaches as much as possible in testing the number of native species and number of natural introductions (Porter 1983 , Lawesson et al. 1987 . Major diffi culties have arisen in inferring natural vs humanmediated introductions in the Gal á pagos (see diff erent fi gures in Wiggins and Porter 1971 , Porter 1983 , Lawesson et al. 1987 , as discussed by Tye 2006) . First, we used the native criteria implemented in the check-lists of Lawesson et al. (1987) and Porter (1983) (putatively native fl ora approach). Both datasets were partly amended according to the results of the studies reporting pollen records and fossil fragments in sediments (van Leeuwen et al. 2008) to ensure the native status of species in the analysis. In addition, we applied a complementary strategy, considering only genera containing at least one endemic taxon (species, subspecies, variety) to reduce the likelihood of including humanmediated introductions (endemic fl ora approach). Th is is a conservative approach as it might exclude recent natural Table 1 . List of the 251 native genera considered for the Gal á pagos Islands (Porter 1983 and Lawesson et al. 1987) , including information on the taxonomic family, origin (End, endemic; Int, introduced by humans; Nat, native; cultivated species and genera with only introduced species were excluded), fruit type, coding of dispersal syndromes (in brackets, syndromes unrelated to LDD), and dispersal vectors as assigned by Porter (1983) . Bibliographic references in Supplementary material (Appendix 1). Codes for dispersal syndromes are: UNA-unassisted; ENZ-endozoochory; EPZ-epizoochory; HYD-hydrochory; ANE-anemochory; MYR-myrmecochory, AUT-autochory and VEG-vegetative. Syndromes observed by the authors in the wild are marked with an asterisk after these codes. and dispersal syndromes listed by Porter (1983) . Th is was supplemented by inferring LDD characteristics of Gal á pagos plants and related mainland genera using results found in three scientifi c web search engines Ͻ www.info.scopus. com Ͼ Ͻ www.scholar.google.com Ͼ and Ͻ www.isiknowledge.com/WOS Ͼ (Supplementary material Appendix 1). Searches for characteristics of native Gal á pagos species were done fi rst. In the case of unavailable information of such species, data on morphological attributes of their morphologically closest relatives were collected. In addition, observations of plants in the herbarium of the Charles Darwin Station (CDS) and in the fi eld allowed us to confi rm and refi ne previous estimates (Tye and Francisco-Ortega 2011; Table 2 ). As a result, our new perspective includes features essential for analysing the contribution of particular dispersal syndromes in colonization, which were not considered in previous analyses: phylogenetic and palaeobotanical corrections, a multiple-syndrome based analysis (Table 2) , and the negligible role of mud adherence and natural rafts as dispersal syndromes -even though they might have played an important role in actual plant dispersal. Th is is because Porter ' s (1983) approach was intended to infer probable means of dispersal, whereas our study estimates occurrence of plants bearing a particular syndrome for LDD.
introductions from the analysis (those with no morphological diff erentiation into taxa), but ensures only including introductions that occurred before humans colonized the islands. Th e datasets of native and endemic fl oras were accordingly analysed using a contingency analysis (likelihood ratio test). All data were analysed with the SPSS (v. 15.0) software.
Dispersal syndromes
Long-distance dispersal is herein understood in a biogeographical sense, i.e. transoceanic dispersal between the Gal á pagos Islands and the American continent (ca 1000 km) (Wiggins and Porter 1971) . Diaspore morphologies (infrutescences, fruits, seeds and vegetative tissues) were initially classifi ed into seven major syndromes (van der Pijl 1982) . Of these, we only considered syndromes associated with LDD by: wind (anemochory), sea water (hydrochory), animal ingestion (endozoochory) and animal adhesion (epizoochory) (Ridley 1930) . All other syndromes unrelated to LDD were coded as unassisted, including dispersal syndromes associated to short distances (in a biogeographic context), such as ant dispersal (myrmecochory) or self-dispersing mechanisms (autochory). We initially used information on diaspore morphologies from Wiggins and Porter (1971) and Ranunculus ) previously considered as introduced by humans (Wiggins and Porter 1971 , Lawesson et al. 1987 , Tye 2006 were, however, herein considered as containing native species after van Leeuwen et al. (2008) . Phylogenetic and phylogeographic reconstructions of 11 genera were used to establish a minimum number of 15 introductions (Table 2) , whereas previous estimates based on morphology rendered a lower number (14) (Porter 1983) . Of the 372 natural introductions, 207 (55.6%) correspond to plant groups displaying a single LDD syndrome, 74 (19.9%) to plant groups with multiple syndromes, and 91 (24.5%) showed no evidence of any LDD syndromes. Th is last group was categorized as unassisted diaspores (UNA) ( Table 1) , and consists primarily of reproductive structures unrelated to the four LDD syndromes. Th ey are included in 54 botanical families and defi ned as pods, schizocarps, some types of achenes, and dehiscent capsules with no special LDD traits. In addition, the phylogenetic reconstructions indicate sharing of diaspore structures by early colonists and mainland relatives (Table 2) . We obtained the following diff erent proportions of dispersal categories in the native Gal á pagos fl ora (Lawesson et al. 1987 ): endozoochory 16.4%, epizoochory 15.7%, hydrochory 18.6%, anemochory 13.3% and unassisted 36.0%. When we considered exclusively genera with at least one endemic species, the proportions changed only slightly: endozoochory 20.2%, epizoochory 14.9%, hydrochory 14.5%, anemochory 15.3% and unassisted 35.1% (Fig. 1A) . In both datasets the frequency of the four LDD syndromes was not statistically diff erent (genera containing native species G ϭ 0.9, DF ϭ 3, p ϭ 0.830; genera containing We initially assumed that each plant group is the result of a single colonization event. Accordingly, colonization of a plant group with a single LDD syndrome was assigned the value 1. Nevertheless, some plants had multiple dispersal syndromes that summed up to a total of 1. For example, in a plant group for which two LDD syndromes were identifi ed, the assigned value of each one was 0.5 to refl ect a probability of 50% of being responsible for the original colonization. Th e total probability of each LDD syndrome (the variable used in the analyses) was obtained by multiplying the proportion of each syndrome for each plant group by the number of inferred introductions containing that particular syndrome (Table 1) . Th e proportion of introductions unrelated to any of the four LDD syndromes was also included in the analysis as one more category (unassisted). Contingency analyses (likelihood ratio tests) were used to evaluate the frequencies of assigned LDD syndromes and unassisted diaspores in plant colonization.
Results
Th e 509 native species and 251 genera forming the fl ora of the Gal á pagos Islands (Lawesson et al. 1987) were considered to be the result of 372 natural introductions (Table 1) . Th ese fi gures are higher than those of previous estimates: 431 angiosperm species resulting from 291 natural introductions in Porter (1976) and 436 species from 306 introductions in Porter (1983) . Palaeobotanic and phylogenetic corrections contributed to clarify the status of early colonists as follows. Six genera ( Ageratum , Diodia , Brickellia , Cuphea , Hibiscus Table 2 . Results of the phylogenetic correction analysis. This is a fi rst attempt to infer number of introductions and dispersal syndromes of Gal á pagos colonists based on phylogenies of a reliable sample size. Genera with asterisks indicate a signifi cant contribution of the phylogenetic analyses.
Genus (species number)
No. Gal á pagos taxa (studied taxa from Gal á pagos)
No. inferred dispersals/ no. previous estimates (Porter 1983) fl ora ( G ϭ 2.0, DF ϭ 4, p ϭ 0.731) and exclusively for the endemic fl ora ( G ϭ 1.7, DF ϭ 4, p ϭ 0.804). Th is means that the higher number of native species (68 spp.) interpreted from the annotated checklist of Lawesson et al. (1987) , followed in the present study, does not aff ect the general result of a high proportion of unassisted diaspores. In summary, neither diff erences between the two fl oristic accounts used for raw data nor the analysis of native vs endemic datasets rendered signifi cant results.
Discussion
Several studies have investigated many aspects of the colonization history of Gal á pagos plants (Carlquist 1967 , Porter 1983 ). Th ey were based on fl oristic accounts and circumstantial evidence of dispersal. Given the practical impossibility of determining the actual number of dispersal events, new estimates have to rely on the number of colonizations as inferred from the fl oristic, taxonomic, palaeobotanic, LDD syndrome category and phylogenetic (and phylogeographic) data.
The phylogenetic correction in analysing island colonization
No syndrome shifts within a plant group have been reconstructed from the phylogenies available, i.e. Gal á pagos plants and relatives share similar diaspore types. We predict that syndrome constancy after colonization may indeed be a general pattern, as observed in the analysis of the Canarian fl ora (Vargas 2007) , because this archipelago has been available for diff erentiation since at least 15 million yr earlier (but see Givnish et al. 2009 for Hawaiian lobeliads). Th e phylogenetic approach is also a powerful tool to infer the number of introductions. One case has recently been shown for the origin of the endemic genus Darwiniothamnus , in which its three Gal á pagos species form a non-monophyletic assemblage resulting from two independent colonization events from the Americas (Andrus et al. 2009 ). Unfortunately, very few phylogenies have been published to date and this phylogenetic correction is reliable in 11 plant groups (Table 2 ). Further phylogenetic (species level) and phylogeographic (population level) reconstructions are certainly needed to fi nd out the number of lineages accounting for the fl ora of the Gal á pagos Islands and therefore the number of successful colonizations. An increase in the number of angiosperm colonists has been estimated in the last decades based primarily on fl oristic and taxonomic accounts: 291 in Porter (1976 ), 306 in Porter (1983 and 372 in this paper.
In agreement with this tendency, we envision that, as more phylogenetic, phylogeographic and palaeobotanical studies become available, the number of inferred original introductions will increase, as already shown for the Canarian fl ora (Vargas 2007) .
Syndromes favourable to long-distance dispersal
Distant archipelagos provide us with some of the best indirect evidence of the eff ectiveness of angiosperms over long endemic infraspecifi c taxa G ϭ 1.2, DF ϭ 3, p ϭ 0.751). When including the frequency of unassisted diaspores in the analysis, this was signifi cantly higher than that of the four syndromes associated with LDD (genera containing native species G ϭ 14.8, DF ϭ 4, p ϭ 0.005; genera containing endemic infraspecifi c taxa G ϭ 13.6, DF ϭ 4, p ϭ 0.009). Comparable proportions were obtained when considering number of natural introductions from the fl oristic account of Porter (1983) in our analysis: endozoochory 20.3%, epizoochory 14.0%, hydrochory 14.8%, anemochory 12.8% and unassisted 38.1%. When we considered exclusively the endemic genera, the proportions were comparable: endozoochory 18.7%, epizoochory 14.2%, hydrochory 16.5% and anemochory 11.9% and unassisted 38.7% (Fig. 1B) .
No signifi cant diff erences were found between the two data sets (endemic vs native species) in each of the fi ve syndrome categories ( G ϭ 0.46; DF ϭ 4; p ϭ 0.977). In agreement with these results, we found no signifi cant diff erences between the datasets taken from the taxonomic treatments of Porter (1983) and Lawesson et al. (1987) for the native not necessarily imply that this was responsible for the actual arrival of the propagules, neither does the fact that many successful colonizers lack special dispersal syndromes allow us to assume dispersal favoured by stochastic events. It may simply mean that LDD is not as clearly attributable to particular mechanisms as previously thought, and we need to analyse additional causes to understand highly complex and non-standard dispersal processes (Nogales et al. 1999 , 2001 Higgins et al. 2003 , Guerrero and Tye 2009 . In this paper we claim that a new perspective is needed to realistically understand successful colonizations related to plant dispersal syndromes. Testing whether particular diaspore traits have been favourable in the formation of a fl ora gives us the opportunity to: 1) refi ne our understanding of successful syndromes in the colonization of islands, 2) provide an evolutionary framework in which particular morphologies acquired in the evolutionary history of angiosperms have been competitive for LDD, and 3) evaluate the role of stochastic processes in plant colonization.
We suggest that the speculative exercise of inferring actual dispersal to remote archipelagos should be discouraged. Instead, analyses of syndromes and mechanisms favouring LDD generate explicit hypotheses to be tested within the theory of island biogeography. Th e results of this paper support the thesis that a signifi cant number of ancestors arrived in the Gal á pagos Islands through so far unpredictable or unknown events. Th e question remains as to whether unassisted diaspores have indeed been favoured, on contrasting Gal á pagos plants and the source fl ora.
distances (Stewart 1911 , Carlquist 1967 , Porter 1976 , Bramwell 1985 , Wagner et al. 1990 ). Plant morphology indicates that mechanisms unrelated to LDD are abundant in the Gal á pagos fl ora. We showed that a large number of plant groups display no special morphological adaptations for LDD (36.0% for the native fl ora and 35.1% for the endemic fl ora) reached the Gal á pagos Islands prior to human colonization. A similar approach used for the Canarian fl ora also showed a large fraction (somewhat lower than a third) of unassisted diaspore (Vargas 2007) . Unassisted diaspores appear to have been widely successful in the colonization of the Gal á pagos Islands in contrast to syndromes historically considered to be specialized in long-distance colonization, such as endozoochory (16.4% of native genera and 20.1% of endemic genera). Our analysis showed rather similar fi gures (not signifi cantly diff erent) between the proportions of the four main LDD syndromes (endozoochory, epizoochory, anemochory and hydrochory), whereas the proportion of unassisted diaspores signifi cantly exceeded that of each syndrome. Nevertheless, the percentage of zoochory (32.1%), i.e. endozoochory (16.4%) and epizoochory (15.7%) considered together, parallels that of the unassisted category.
Th e successful colonization by plants (n ϭ 68) bearing capsules and small seeds is puzzling (Table 1) . To account for this, Porter (1976 Porter ( , 1983 alleged that mud attached to animals was responsible for 41 (13.4%) dispersal events. A similar percentage (ca 14%) for Gal á pagos colonists was also assigned by Carlquist (1967 Carlquist ( , 1974 to mud adherence. Th erefore, it appears that a large number of plants with no specifi c mechanism for long-distance dispersal were considered as ' mud dispersed ' .
Long distance dispersal is a rare phenomenon often diffi cult to detect and quantify (Higgins and Richardson 1999, Nathan 2006) . We argue that a more evolutionary, practical exercise would be to analyse the dispersal syndrome spectra. In other words, have adaptations for LDD been favoured in the colonization of the Gal á pagos archipelago? To infer this, performing a contrast analysis between the fl oras of Gal á pagos and source areas (typically the Americas) is needed.
Stochastic and deterministic processes can be diffi cult to tell apart in biology. Flower syndromes are more evolutionarily constrained than dispersal syndromes (Whitney 2009) , and have been considered when formulating theoretical models of evolution of fl ower shifts (Barrett 2008 ). Yet, analyses of dispersal syndromes gain particular signifi cance in certain circumstances. As herein shown, remote fl oras, like that of the Gal á pagos Islands, have a great deal of mechanisms related to LDD (64% of endozoochory, epizoochory, anemochory and hydrochory altogether). Th e observed consistency of high syndrome proportions provides further, albeit circumstantial, evidence that deterministic forces play a strong role in LDD. Equally signifi cant is the high proportion of fl owering plants (between a third and a quarter) involved in the colonization of the Gal á pagos despite the absence of specifi c LDD mechanisms (i.e. unassisted), which suggests that stochastic processes may have also been involved.
Despite our arguing that unspecifi c diaspores account for a large number of successful colonizations of the Gal á pagos Islands, caution should be exercised in assigning all cases of ' unassisted diaspores ' to stochastic processes. In the same way that the presence of a particular LDD syndrome does
